A new type of instability mode, related to suprathermal electrons, was found in extremely low-density plasmas, (n e = (0.2-0.5) × 10 19 m −3 ) with electron cyclotron resonance heating and current drive (ECRH/ECCD) in the TJ-II heliac. The quasi-monochromatic density and plasma potential oscillations in the frequency range 20-120 kHz tend to have several "branches" with constant frequency shift between them. The typical amplitude of the mode induced potential oscillations was estimated to be Δϕ EM ∼ 20 V. The mode branches have an individual and finite radial extent, odd low poloidal structure (m ≤ 5) and angular phase velocity of poloidal rotation of about 8 × 10 4 rad/s in the ion diamagnetic drift direction. The contribution of the mode to the turbulent particle flux Γ E×B for the observed wave vectors k θ < 3 cm −1 was found to be small in comparison with the contribution from broadband turbulence.
Introduction
Instabilities driven by energetic ions have been observed in tokamaks [1, 2] and stellarators [3] [4] [5] [6] [7] in regimes with NBI or ICRF heating. The induced modes, Alfvén Eigenmodes (AEs) or Energetic Particle Modes (EPMs) are driven by energy transfer from energetic ions to the waves. Instabilities driven by energetic electrons have been observed in tokamak and helical plasmas [8] [9] [10] [11] in regimes with second harmonic ECR heating and current drive. The paper reports on the experimental evidence for a new energetic electron related instability associated with ECRH/ECCD found in low-density plasmas (n e < 0.5 × 10 19 m −3 ) in TJ-II and will describe the unique characteristic features of this mode.
Experimental Set-up
TJ-II is a four-period flexible heliac with low magnetic shear, B 0 = 1 T, <R> = 1.5 m, <a> = 0.22 m and almost shearless magnetic configurations. The rotational transform (the inverse of the safety factor 1/q = ι/2π) changes from ι/2π(0) = 1.55 to ι/2π(a) = 1.65 for the standard configuration denoted 100 44 64, and from 1.51 to 1.61 for configuration 100 40 63, where numbers refer to curauthor's e-mail: melnik@nfi.kiae.ru * ) This article is based on the presentation at the 20th International Toki Conference (ITC20).
rents in the magnetic field coils. The discussed hydrogen plasmas are formed and heated using two gyrotrons, operated in second-harmonic X-mode at 53.2 GHz with P ECRH1,2 ≤ 0.3 MW each. Low-density ECRH plasmas are characterized by peaked T e profile with T e (0) ∼700-1000 eV and flat T i profile, T i (0) ∼70-80 eV. The density profile is hollow, having the maximum around ρ ∼ 0.5, with a low negative gradient inside for ρ < 0.5 and a sharp positive slope for ρ > 0.5. Notwithstanding this, the electron pressure profile is peaked due to the T e profile shape. An important consequence of ECR heating in low-density plasmas is the generation of suprathermal electrons with high perpendicular velocities (T e⊥ T e ), whose energies increase as density decreases. For densities around 0.5 × 10 19 m −3 , the mean energy of the suprathermal electron tail is 3-4 times higher than T e [12] , and below that density, fast electron populations with 40-90 keV have been detected [13] .
The plasma potential ϕ is measured directly by the 150 keV Cs + Heavy Ion Beam Probe (HIBP) [14, 15] , with high temporal (1 μs) and spatial (1 cm) resolution in the radial range −1 < ρ < 1, ρ = r/a. In these low-density plasmas, the probing beam attenuation becomes negligible, so the beam current I t represents the local plasma density in the sample volume n SV e in arbitrary units. The density profile was obtained by calibrating I t (ρ) versus the interfer-ometer central chord. Two HIBP sample volumes are adjusted to be separated poloidally on a given magnetic surface in order to find the poloidal component of the electric field E pol by the difference in the local potential, E pol = (ϕ 1 − ϕ 2 )/Δx, Δx = ρΔθ ∼ 1 cm [6] , limiting the observed k θ values to maximum 3 cm −1 . In this way we measure the radial turbulent particle flux Γ r (t) =ñ eṼr = 1/B tñe (t) E pol (t) = Γ E×B . Simultaneous poloidally resolved I t measurements provide sufficient data to extract the poloidal mode number m and the phase rotation velocity by crossphasing two separated signals.
Bolometers provide data of the plasma emission in the range 2 eV to 4 keV. The bolometry system consists of three 20-channel pinhole cameras monitoring the same poloidal section plus three 16-channel cameras at equivalent poloidal positions [16] . A reflectometer provides the outer gradient part of the electron density profile, while a 16-channel heterodyne ECE system provides the T e profile, when the plasma optical thickness is sufficient. Langmuir probes (LP) measure the plasma (floating) potential and density (ion saturation current) at the edge, while a Mirnov probe (MP) array provides the MHD oscillation measurements.
Experimental Results

Mode observation
In plasmas with strong off-axis ECRH (ρ ECRH = 0.64) and on-axis ECRH/ECCD (both co-and balanced), with various values for the driven current I EC < 2.5 kA, specific oscillations were found. The observed oscillations seem to be due to the presence of two types of quasi-coherent modes: centrally and peripherally localized. The central mode, having higher frequencies, is detectable by HIBP, Bolometry and ECE signals. The peripheral mode is also visible in LP and MP signals.
This paper reports the features of the central mode, which can be summarized as follows:
1) The frequency spectrum of the mode shows several strikingly pronounced peaks (typically three) -monochromatic oscillations of HIBP I t in the range of f = 20-80 kHz with a frequency difference Δ f ∼ 15 kHz. A typical mode spectrum shows peaks at f ∼ 30, 45 and 60 kHz as shown in Figure 1 (a-c) .
2) Some of the peaks are also detected in HIBP potential, ECE and bolometer signals (but bolometer and ECE signals are limited to 50 kHz); so far these peaks have not been detected in the HIBP toroidal beam shift, which reflects B pol [17] .
3) The radial location of the mode, ρ < 0.6, is the region of the positive density gradient. Each frequency peak corresponds to its own radial extent, representing the zonal structure. The higher frequency branch, e.g. 60 kHz, is located at the highest local density, ρ = 0.57. The lower frequency peaks are localized more inside at lower local densities. 
Mode characteristics
The mode is quite pronounced in both the plasma potential and density, but not in B pol and magnetic probe signals, so it presents an electrostatic character. The perturbations in the plasma potential and density signals are in antiphase, see Figure 2 . The estimations giveñ/n ∼ k B eφ/T e , so the Boltzmann relationship is fulfilled for the mode with k B ∼ 1, indicative for the drift-wave instabilities [18] . ECE modulation experiment shows that the mode amplitude de- creases, if P ECRH/ECCD is lowered, suggesting the importance of the EC power density for the mode excitation (see Figure 3) . Although no SXR spectra are available for this particular shot, in previous ECRH modulation experiments [19] , it was found that the mean energy of the electron suprathermal tail increases in the phase with the injected EC power. In the discharges discussed here, the mode frequency increases with heating power density, as shown in Fig. 3 . The mode presents a strong correlation between plasma potential and density obtained from two poloidally separated HIBP channels. This observation allows us to retrieve the poloidal wave vector and mode number m:
where θ n1 n2 is a cross-phase between the densities, measured in two sample volumes; L is the length of the poloidal cross-section of the magnetic flux surface [20] . The linear V phase E×B and angular Ω phase E×B poloidal phase velocities of the mode branch with frequency f are given by
For the example presented in Figure 1 , the mode phase characteristics are shown in Table 1 . The potential and density presents the same poloidal cross-phase in the range of θ ϕ1 ϕ2 = θ n1 n2 ∼ (0.40-0.55) ± 0.10 rad for all three frequency peaks.
Taking into account the estimated error bars, it can be concluded that all three observed mode frequency peaks are separated in space and rotate with the same angular velocity. The positive sign of k θ and V phase E×B implies propagation in the ion diamagnetic drift direction.
The mode does not contribute to the turbulent particle flux Γ r (t). Figure 4 shows that unless all the mode frequency peaks are pronounced in both density and E pol spectrograms, they are invisible in the frequency resolved particle flux [21] due to cross-phase θ Epol n ∼ −π/2, which is valid for all branches [22] .
Discussion and Summary
In TJ-II, similar to Compass [8] , HSX [9] , CHS [10] , and DIII-D [11] , suprathermal electrons related eigenmode (EM) is observed in low-density discharges heated with second harmonic ECRH/ECCD. This EM differs in various features (radial location, mode structure, absence of magnetic component) from other types of quasicoherent modes, earlier found in TJ-II [6, 7, [23] [24] [25] in higher density plasmas, or from energetic particle modes found in other machines [8] [9] [10] [11] . The EM also differs from GAMs [26, 27] , which have different features. More in particular, the EM fulfills the Boltzmann relationship with k B ∼ 1, unless have same frequency range. We conclude the EM appears to be a new type of instability, presenting the following features:
1) The EM excited in low-density off-axis ECRH or on-axis ECRH/ECCD plasmas in TJ-II, characterized by suprathermal electron tails. The EM tends to appear as a set of frequency peaks (typically three at 33, 48 and 60 kHz) with constant frequency difference Δ f = 13-15 kHz. The EM frequency increases with increasing ECRH power.
2) The mode is located in ρ < 0.6. According to previous findings, the suprathermal electron population can be confined in the bulk plasma [28] . The mode has a zonal structure: the various frequency peaks of the mode correspond to individual radial areas and have a finite radial extent of a few cm, Δρ ∼ 0.2.
3) The mode has an electrostatic nature, its potential and density perturbations fulfill the Boltzmann relationship.
4) The mode frequency peaks have odd low (m ≤ 5) structure and equal angular phase velocities of poloidal rotation in a range of 8 × 10 4 rad/s into the ion diamagnetic drift direction.
5) The mode contribution to the turbulent particle flux is lower than that of broadband turbulence of the same frequency interval.
